Optical phase locking is a critical technique in space coherent optical communication and active coherent laser beam combining. In a typical optical phase locking loop based on nonplanar ring oscillators, the pull-in range is normally less than 1 MHz, limited by loop delay and frequency tuning bandwidth of the laser source. Phase locking cannot be achieved at large initial frequency differences. In this work, a fast laser frequency acquisition method is demonstrated. The frequency difference between the signal and local lasers was measured via frequency dividing and period counting, and the frequency control signal was generated by a frequency discrimination and control module, to reduce the frequency difference to the pull-in range of the loop. Under the coordinating function of the loop filter and the frequency discrimination and control module, phase locking under a large initial frequency difference was achieved. The frequency acquisition range reached 164 MHz, and the acquisition and locking time was measured to be 440 ms. Additionally, the acquisition time was shortened with the decrease in initial frequency difference.
Introduction
An optical phase locking loop (OPLL) plays an important role in space homodyne coherent optical communication systems, which have a significant advantage in receiving sensitivity. Gbps-level LEO-LEO [1] , LEO-GEO [2] , LEO-GS [3] , and GEO-GS [4] communication links were verified, where LEO, GEO and GS denoted low earth orbit satellites, geostationary earth orbit satellite, and ground station, respectively. Compared to electrical wave sources in an electrical PLL, laser sources have a wider line width and a faster frequency drift [5] , which result in difficult frequency acquisition and poor tracking performance. Early OPLLs were based on gas laser sources. A. L. Acholtz et al. achieved phase locking of CO 2 lasers and 100 Mbps homodyne communication [6] . However, limited by certain disadvantages in lifespan, volume, and efficiency, it is hard for gas lasers to meet certain requirements in space applications. The development of optical communication has greatly promoted the progress of semiconductor laser technology. S. Norimatsu et al. achieved phase locking of an external cavity semiconductor laser with a residual phase error of 7.4 • [7] . Although semiconductor lasers have a small size and low cost, the linewidth of these devices is relatively wide, or the phase noise is large, which leads to losing lock or large residual phase error. Recently, integrated OPLLs based on semiconductor lasers have been studied intensively. Such loops have potential applications in optical frequency synthesis [8] and microwave photonics [9] . Integration of OPLLs reduces the loop
Design of the OPLL
A block diagram of the OPLL is shown in Figure 1 . The signal and local lasers were both NPROs, with two signal input ports for temperature and piezoelectric-transducer (PZT) frequency tuning, respectively. The temperature of the laser crystals was precisely controlled via a proportional-integral-derivative (PID) controller to keep the laser frequency stable. The control precision was 0.01 K for 1 h and 0.03 K for 8 h. The thermal tuning coefficient of Nd:YAG NPRO was 3 GHz/K. The typical frequency drift was measured to be around 30 MHz for 1 h and 100 MHz for 8 h. A piezoelectric element was bonded to the upper nonoptical face of the Nd:YAG crystal. The applied voltage can slightly change the dimension and refraction index of the laser crystal. Thus, the laser frequency was tuned. The PZT tuning coefficient was 1.6 MHz/V, and the response bandwidth was about 100 kHz. The output lights of local and signal lasers were combined and mixed via a 50/50 fiber coupler. Two output beat signals with a 180° phase difference were sent to the balanced photodetector, which had a model number of PDB480C and was made by Thorlabs, Inc. (Newton, New Jersey, USA). The converted electrical beat signal, acting as a phase error signal, was sent to the loop filter and the frequency discrimination and control module (FDCM). Vc1 and Vc2 are the output signal amplitude of the loop filter and FDCM, respectively. The loop filter was an active proportional-plus-integral filter, where the first time constant τ1 = 3 ms and the second time constant τ2 = 5 μs. The main function of the loop filter was locking the phase, as the beat frequency falls into the pull-in range of the loop, which was around 700 kHz. The FDCM was used for the acquisition of signal frequency to keep the beat frequency below the pull-in range. Vc1 and Vc2 were amplified and added in the PZT driver, where the gain values G1 and G2 were 9 and 18, respectively. The output voltage amplitude of the PZT driver was ± 190 V.
Principle of Frequency Acquisition
In the FDCM, the beat signal frequency is measured digitally, and a control signal is generated for frequency acquisition. A block diagram of the FDCM is shown in Figure 2 . The frequency of the beat signal is firstly divided by 200 and converted into square pulses. The dividable frequency ranges from 10 kHz to 300 MHz. The pulse repetition frequency is measured via a microprogrammed control unit (MCU). The measuring period is set to be 5 ms. From the measured frequency in the current measuring period and the previous period, the frequency control direction and the frequency shift amount were obtained. An MCU generates corresponding binary data to the digital/analog (D/A) converter, in which the frequency control signal is generated. After passing through the amplifier, the control signal is sent to a low pass filter. It is then sent to the Vc2 port of the PZT driver. The low pass filter is essential for stable phase locking. In the locking status of the OPLL, the phase step and minor frequency step can cause a transient response in the phase error signal. Some frequency steps might be caused by the high frequency components of the D/A-converted signal. If the amplitude of the transient response signal reaches the threshold of the FDCM, it will function and generate a small frequency shifting signal. This is a false shifting signal and might result in losing lock. With a low pass filter of a 400 Hz bandwidth, the shifting signal is smoothed. The phase locking loop can precisely track the smoothed minor frequency shift, and keep a stable residual phase error. One frequency control cycle includes a frequency measuring period, 5 ms, and a frequency shifting period, 1 ms. The step response time of the low pass filter is close to 1 ms. Thus, the frequency shifting period is set to 1 ms. The output lights of local and signal lasers were combined and mixed via a 50/50 fiber coupler. Two output beat signals with a 180 • phase difference were sent to the balanced photodetector, which had a model number of PDB480C and was made by Thorlabs, Inc. (Newton, NJ, USA). The converted electrical beat signal, acting as a phase error signal, was sent to the loop filter and the frequency discrimination and control module (FDCM). V c1 and V c2 are the output signal amplitude of the loop filter and FDCM, respectively. The loop filter was an active proportional-plus-integral filter, where the first time constant τ 1 = 3 ms and the second time constant τ 2 = 5 µs. The main function of the loop filter was locking the phase, as the beat frequency falls into the pull-in range of the loop, which was around 700 kHz. The FDCM was used for the acquisition of signal frequency to keep the beat frequency below the pull-in range. V c1 and V c2 were amplified and added in the PZT driver, where the gain values G 1 and G 2 were 9 and 18, respectively. The output voltage amplitude of the PZT driver was ±190 V.
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In the FDCM, the beat signal frequency is measured digitally, and a control signal is generated for frequency acquisition. A block diagram of the FDCM is shown in Figure 2 . The frequency of the beat signal is firstly divided by 200 and converted into square pulses. The dividable frequency ranges from 10 kHz to 300 MHz. The pulse repetition frequency is measured via a microprogrammed control unit (MCU). The measuring period is set to be 5 ms. From the measured frequency in the current measuring period and the previous period, the frequency control direction and the frequency shift amount were obtained. An MCU generates corresponding binary data to the digital/analog (D/A) converter, in which the frequency control signal is generated. After passing through the amplifier, the control signal is sent to a low pass filter. It is then sent to the Vc2 port of the PZT driver. The low pass filter is essential for stable phase locking. In the locking status of the OPLL, the phase step and minor frequency step can cause a transient response in the phase error signal. Some frequency steps might be caused by the high frequency components of the D/A-converted signal. If the amplitude of the transient response signal reaches the threshold of the FDCM, it will function and generate a small frequency shifting signal. This is a false shifting signal and might result in losing lock. With a low pass filter of a 400 Hz bandwidth, the shifting signal is smoothed. The phase locking loop can precisely track the smoothed minor frequency shift, and keep a stable residual phase error. One frequency control cycle includes a frequency measuring period, 5 ms, and a frequency shifting period, 1 ms. The step response time of the low pass filter is close to 1 ms. Thus, the frequency shifting period is set to 1 ms. Figure 3 shows the flow chart of the frequency discrimination and control program. The program is mainly achieved via an MCU. After program initialization, pulses that are sent to the module during the measuring period are counted. The frequency difference ∆f p in the current measuring period is computed from the counted pulse number. If ∆f p is less than critical frequency difference ∆f c , then the frequency locking is achieved. Thus, the FDCM will maintain the frequency control voltage, and the loop will be locked under the function of the loop filter. The lock-in range and pull-in range of the loop are 15 kHz and 700 kHz, respectively. The critical frequency difference ∆f c can be set to 40 kHz, with a locking time less than 1 ms under the function of the loop filter. If ∆f p is larger than the frequency difference in the last measuring period, ∆f b , then the frequency control direction is incorrect. If the current frequency control cycle is the second cycle, the wrong control direction is caused by a random chosen direction in the first frequency control cycle. Otherwise, the wrong control direction is caused by fast laser frequency drift during the last frequency control cycle. The frequency control direction will thus be changed, and the frequency shift amount is determined by ∆f p and the PZT tuning coefficient. If ∆f p is less than ∆f b , then the frequency control direction is correct. The local laser frequency will be controlled in the correct direction until ∆f p is less than ∆f c . Phase locking will thus be achieved via the loop filter.
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Experimental Results

The phase locking loop was constructed according to Figure 1 . First, the FDCM was turned off, and the initial frequency difference of the two lasers was controlled by adjusting the crystal temperature of the signal laser. At a set frequency difference, as the FDCM was turned on, frequency acquisition and phase locking were tested. In the experiments, the output signal of the loop filter, the PZT driving signal, and the laser beat signal were monitored.
The frequency acquisition and phase locking process at an 8 MHz initial frequency difference is shown in Figure 4 with a time scale of 200 ms/div. At 630 ms, the FDCM was turned on, and the feedback control was started. After 80 ms, phase locking was achieved, as indicated by the beat signal (yellow). According to the frequency discrimination and control program, under the control of the FDCM, the local laser generated an initial frequency shift. As the change in frequency difference is measured, the direction of the frequency control and the frequency shift amount were determined. The main function of the initial frequency shift determined the right frequency control direction. After that, the frequency difference decreased to less than ∆f c , 40 kHz, as indicated by the PZT driving signal (green). For such a small frequency difference, the phase locking time based on the loop filter was quite short, shorter than 1 ms, which is negligible compared to the frequency acquisition time. The phase locking loop was constructed according to Figure 1 . First, the FDCM was turned off, and the initial frequency difference of the two lasers was controlled by adjusting the crystal temperature of the signal laser. At a set frequency difference, as the FDCM was turned on, frequency acquisition and phase locking were tested. In the experiments, the output signal of the loop filter, the PZT driving signal, and the laser beat signal were monitored.
The frequency acquisition and phase locking process at an 8 MHz initial frequency difference is shown in Figure 4 with a time scale of 200 ms/div. At 630 ms, the FDCM was turned on, and the feedback control was started. After 80 ms, phase locking was achieved, as indicated by the beat signal (yellow). According to the frequency discrimination and control program, under the control of the FDCM, the local laser generated an initial frequency shift. As the change in frequency difference is measured, the direction of the frequency control and the frequency shift amount were determined. The main function of the initial frequency shift determined the right frequency control direction. After that, the frequency difference decreased to less than ∆fc, 40 kHz, as indicated by the PZT driving signal (green). For such a small frequency difference, the phase locking time based on the loop filter was quite short, shorter than 1 ms, which is negligible compared to the frequency acquisition time. As the initial frequency difference increased to 164 MHz, the acquisition time was around 440 ms, as shown in Figure 5 . As the beat signal was detected via the probe of the oscilloscope, the amplitude of the detected signal varied with the signal frequency in the acquisition process because impedance matching varied at different frequencies. For a higher initial frequency difference, the frequency discrimination and control would go wrong sometimes. The main reason for this is that the machine cycle of the MCU, compared to the divided beat signal period, was so long that the frequency could not be correctly measured. It could be improved by increasing the crystal frequency and the processing speed of the MCU. In order to guarantee the stability of the frequency control process, the local laser frequency shift was set to less than 3 MHz at every control step. For an even higher frequency shift step, the laser frequency would not reach a steady state at the end of the control period, causing inaccurate frequency measuring in the following measuring period, even leading to false control. As the initial frequency difference increased, more control periods were needed, and acquisition time was normally extended. In the frequency acquisition process, when the beat signal frequency was out of the pull-in range of the loop, the loop filter output a constant DC signal. Only as the beat frequency fell into the pull-in range of the loop did the loop filter signal have an obvious response, as shown in the figure by the blue line. According to the measurement of the laser frequency stability, the frequency drift of the beat signal of the two lasers was around 100 MHz in 8 h, under precise temperature control. The frequency acquisition range, 164 MHz, was significantly larger than the frequency drift range, so a stable loop operation was achievable. As the initial frequency difference increased to 164 MHz, the acquisition time was around 440 ms, as shown in Figure 5 . As the beat signal was detected via the probe of the oscilloscope, the amplitude of the detected signal varied with the signal frequency in the acquisition process because impedance matching varied at different frequencies. For a higher initial frequency difference, the frequency discrimination and control would go wrong sometimes. The main reason for this is that the machine cycle of the MCU, compared to the divided beat signal period, was so long that the frequency could not be correctly measured. It could be improved by increasing the crystal frequency and the processing speed of the MCU. In order to guarantee the stability of the frequency control process, the local laser frequency shift was set to less than 3 MHz at every control step. For an even higher frequency shift step, the laser frequency would not reach a steady state at the end of the control period, causing inaccurate frequency measuring in the following measuring period, even leading to false control. As the initial frequency difference increased, more control periods were needed, and acquisition time was normally extended. In the frequency acquisition process, when the beat signal frequency was out of the pull-in range of the loop, the loop filter output a constant DC signal. Only as the beat frequency fell into the pull-in range of the loop did the loop filter signal have an obvious response, as shown in the figure by the blue line. According to the measurement of the laser frequency stability, the frequency drift of the beat signal of the two lasers was around 100 MHz in 8 h, under precise temperature control.
The frequency acquisition range, 164 MHz, was significantly larger than the frequency drift range, so a stable loop operation was achievable. The frequency acquisition and phase locking time at different initial beat frequencies is shown in Figure 6 . According to the frequency discrimination and control program, the theoretical minimum number of control cycles was equal to the initial frequency difference divided by the maximum frequency shift step of a given period, which was set to 3 MHz. As the time of one control cycle was set to 6 ms, minimum acquisition time could be computed. The actual acquisition time was usually longer, and had a certain degree of uncertainty. Main causes include uncertainty of the initial frequency shift direction, laser frequency drift during the acquisition process, and a shortened frequency shift step in the last few control cycles. The dashed line in Figure 6 is the linear fitting line with a slope of 2.03 ms/MHz. The slope corresponds to the ratio of time of one frequency control cycle, 6 ms, to the maximum frequency shift step in one cycle, 3 MHz. Compared to the frequency acquisition time achieved via the frequency sweeping technique based on laser crystal temperature turning, which was longer than 10 s [2] , the acquisition time of this work was 1-2 orders of magnitude shorter. 
Conclusions
Nonplanar ring oscillators have a high frequency stability, a narrow linewidth, and low intensity noise. These devices are becoming the preferred laser sources in coherent space optical communications. They can also be used in coherent laser beam combinations. In these applications, phase locking is the key technique. Traditionally, laser frequency acquisition based on temperature control consumes quite a long time. In this work, we designed and achieved a frequency acquisition sub-loop based on PZT control. The acquisition sub-loop operated coordinately with the phase locking loop based on the loop filter. The frequency acquisition range reached 164 MHz, with an acquisition time of less than 500 ms. For a smaller initial frequency difference, acquisition times The frequency acquisition and phase locking time at different initial beat frequencies is shown in Figure 6 . According to the frequency discrimination and control program, the theoretical minimum number of control cycles was equal to the initial frequency difference divided by the maximum frequency shift step of a given period, which was set to 3 MHz. As the time of one control cycle was set to 6 ms, minimum acquisition time could be computed. The actual acquisition time was usually longer, and had a certain degree of uncertainty. Main causes include uncertainty of the initial frequency shift direction, laser frequency drift during the acquisition process, and a shortened frequency shift step in the last few control cycles. The dashed line in Figure 6 is the linear fitting line with a slope of 2.03 ms/MHz. The slope corresponds to the ratio of time of one frequency control cycle, 6 ms, to the maximum frequency shift step in one cycle, 3 MHz. Compared to the frequency acquisition time achieved via the frequency sweeping technique based on laser crystal temperature turning, which was longer than 10 s [2] , the acquisition time of this work was 1-2 orders of magnitude shorter. The frequency acquisition and phase locking time at different initial beat frequencies is shown in Figure 6 . According to the frequency discrimination and control program, the theoretical minimum number of control cycles was equal to the initial frequency difference divided by the maximum frequency shift step of a given period, which was set to 3 MHz. As the time of one control cycle was set to 6 ms, minimum acquisition time could be computed. The actual acquisition time was usually longer, and had a certain degree of uncertainty. Main causes include uncertainty of the initial frequency shift direction, laser frequency drift during the acquisition process, and a shortened frequency shift step in the last few control cycles. The dashed line in Figure 6 is the linear fitting line with a slope of 2.03 ms/MHz. The slope corresponds to the ratio of time of one frequency control cycle, 6 ms, to the maximum frequency shift step in one cycle, 3 MHz. Compared to the frequency acquisition time achieved via the frequency sweeping technique based on laser crystal temperature turning, which was longer than 10 s [2] , the acquisition time of this work was 1-2 orders of magnitude shorter. 
Nonplanar ring oscillators have a high frequency stability, a narrow linewidth, and low intensity noise. These devices are becoming the preferred laser sources in coherent space optical communications. They can also be used in coherent laser beam combinations. In these applications, phase locking is the key technique. Traditionally, laser frequency acquisition based on temperature control consumes quite a long time. In this work, we designed and achieved a frequency acquisition sub-loop based on PZT control. The acquisition sub-loop operated coordinately with the phase locking loop based on the loop filter. The frequency acquisition range reached 164 MHz, with an acquisition time of less than 500 ms. For a smaller initial frequency difference, acquisition times 
Nonplanar ring oscillators have a high frequency stability, a narrow linewidth, and low intensity noise. These devices are becoming the preferred laser sources in coherent space optical communications. They can also be used in coherent laser beam combinations. In these applications, phase locking is the key technique. Traditionally, laser frequency acquisition based on temperature control consumes quite a long time. In this work, we designed and achieved a frequency acquisition sub-loop based on PZT control. The acquisition sub-loop operated coordinately with the phase locking loop based on the loop filter. The frequency acquisition range reached 164 MHz, with an acquisition time of less than 500 ms. For a smaller initial frequency difference, acquisition times decreased. This technique significantly shortens the frequency acquisition time, which makes the system reach work status much more quickly. In addition, by improving the processing speed of the control circuit, acquisition time can be further shortened.
